Phosphorylation of the hepadnavirus core protein C-terminal domain (CTD) is important for viral RNA packaging, reverse transcription, and subcellular localization. Hepadnavirus capsids also package a cellular kinase. The identity of the host kinase that phosphorylates the core CTD or gets packaged remains to be resolved. In particular, both the human hepatitis B virus (HBV) and duck hepatitis B virus (DHBV) core CTDs harbor several conserved serine/threonine-proline (S/T-P) sites whose phosphorylation state is known to regulate CTD functions. We report here that the endogenous kinase in the HBV capsids was blocked by chemical inhibitors of the cyclin-dependent kinases (CDKs), in particular, CDK2 inhibitors. The kinase phosphorylated the HBV CTD at the serine-proline (S-P) sites. Furthermore, we were able to detect CDK2 in purified HBV capsids by immunoblotting. Purified CDK2 phosphorylated the S/T-P sites of the HBV and DHBV CTD in vitro. Inhibitors of CDKs, of CDK2 in particular, decreased both HBV and DHBV CTD phosphorylation in vivo. Moreover, CDK2 inhibitors blocked DHBV CTD phosphorylation, specifically at the S/T-P sites, in a mammalian cell lysate. These results indicate that cellular CDK2 phosphorylates the functionally critical S/T-P sites of the hepadnavirus core CTD and is incorporated into viral capsids.
T he human hepatitis B virus (HBV) continues to pose a significant health risk worldwide, causing more than one million deaths annually (52) . Chronic HBV infection, estimated to affect 350 million people globally, dramatically elevates the risk for developing serious liver diseases, including cirrhosis and hepatocellular carcinoma. HBV is a member of the Hepadnaviridae family, which includes hepatotropic DNA viruses that consist of an enveloped icosahedral capsid enclosing an approximately 3-kb DNA genome in a partially double-stranded, relaxed circular (RC) form. These DNA viruses are also retroid viruses and encode a reverse transcriptase (RT) enzyme that converts a so-called pregenomic RNA (pgRNA) template to the RC DNA through reverse transcription within cytoplasmic capsids. Capsids are composed of multiple copies (180 or 240) of one virally encoded protein, the core or capsid protein (9, 63, 65, 71) .
Phosphorylation of the hepadnavirus core protein is important for RNA packaging, DNA synthesis, and subcellular localization. The HBV core protein (HBc) contains three major serine-proline (S-P) phosphorylation sites in its C-terminal domain (CTD) (32) . The duck hepatitis B virus (DHBV) core protein (DHBc) contains six known phosphorylation sites, four of which also have the serine/threonine-proline (S/T-P) motifs (43, 68) . Mutational analyses indicate that phosphorylation of the core protein at these S/T-P sites is required for RNA packaging and DNA synthesis in HBV (29, 31) . For DHBV, dynamic CTD phosphorylation at the S/T-P sites is required for complete DNA synthesis such that the S/T-P phosphorylation is needed for first-strand DNA synthesis and dephosphorylation is required for second-strand DNA synthesis and accumulation (4, 15, 51, 68) . Phosphorylation at these sites has also been shown to regulate nuclear localization of HBc and DHBc (34, 62, 66) .
Several kinases have been reported to phosphorylate the core protein in vitro, including protein kinase C (PKC) (23) (24) (25) (26) 64) , glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (12) , a 46-kDa serine kinase (26) , and serine-arginine protein kinases 1 and 2 (SRPK1 and -2) (10) . In all these cases, the site(s) of core phosphorylation was never defined, except that SRPK1 and -2 were shown to phosphorylate the HBc CTD in vitro (10, 45) and in Escherichia coli (8) . However, the SRPKs appear to have rather relaxed substrate specificity in these systems, phosphorylating mostly S176 and S178 in the HBc CTD and only weakly at the three S-P sites. Furthermore, SRPK1 and -2 do not appear to be responsible for phosphorylating HBc in human hepatic cells (70) . Also, PKC is reported to disfavor proline at the Pϩ1 position (10, 41) and is thus unlikely to be the kinase responsible for phosphorylating the CTD S/T-P sites. Indeed, previous studies have argued against a role for either PKC or protein kinase A (PKA) in phosphorylating HBc (10, 26) . Therefore, the identity of the cellular kinase(s) that phosphorylates the core protein, in particular the functionally critical S/T-P sites in its CTD, remains to be resolved.
The HBV capsids were shown more than 30 years ago to display an endogenous protein kinase activity that can phosphorylate HBc (1) . Since HBV encodes no proteins with kinase capability, it has long been presumed that the virus encapsidates a kinase of cellular origin. PKC has been reported to be incorporated into HBV capsids (23, 25, 48, 64) . However, other reports have argued that neither PKC, PKA, nor casein kinase II (CKII) is the endogenous kinase (12, 25, 26) . The aforementioned 46-kDa serine kinase was also proposed to be packaged in HBV capsids (26) , but Ϫ (39, 43) . Recombinant HBc was expressed in E. coli BL21-CodonPlus(DE3) cells. Bacterial induction and lysate preparation were carried out as described previously (21) . Purification of the capsids was then performed similarly to capsid purification from HepG2 and LMH cells by sucrose gradient ultracentrifugation (40) .
Alternatively, crude HBV capsids (WT or containing phosphorylation site mutations) were isolated for the endogenous kinase reaction. HepG2 cells were transfected with pCI-HBc, either WT or an AAA phosphorylation site mutant. Seven days posttransfection, the cells were lysed with lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40 ) supplemented with complete protease inhibitor cocktail. Cell debris was removed after centrifugation of the lysate, and capsids were precipitated with polyethylene glycol (PEG) similarly to the core DNA isolation procedure described previously (4) . The PEG pellet was collected by centrifugation and resuspended in TNE (10 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA). The crude capsid preparation was treated with 0.5 U micrococcal nuclease and CaCl 2 (5 mM) for 30 min. The nuclease was inactivated by the addition of EDTA (10 mM). Proteinase K (final concentration, 4 mg/ml) was added to the crude capsids, and the mix was then incubated for 1 h at 37°C to further remove cellular proteins not protected by the capsids. Phenylmethylsulfonyl fluoride (PMSF) (final concentration, 1 mM) (Roche) and EDTA-free protease inhibitor cocktail (Roche) were added following the proteinase K digestion. Endogenous kinase assays were then performed as described below except that 15 mM MgCl 2 was used.
Protease protection assays. HepG2 HBV capsids in sucrose fractions were digested for 1.5 h with proteinase K-agarose beads (Sigma) at 37°C with gentle agitation. Following the digestion, the proteinase K resin was removed by centrifugation. The supernatant was collected and used for endogenous kinase reactions or sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis. For capsid particle analysis, proteinase K-treated capsids were loaded onto a 1% agarose gel. When proteinase K-treated capsids were resolved by SDS-PAGE, the proteinase K digestion was stopped by adding proteinase K inhibitor (Calbiochem) to 1 mM (final concentration) and incubating the sample at room temperature for 10 min (27) . The samples were then boiled in SDS sample buffer and loaded onto a 15% SDS-PAGE gel.
Endogenous kinase assays. Purified HepG2 HBV capsids (25 to 50 ng) were used in 20-l reaction mixtures that included kinase reaction buffer (10 mM sodium phosphate, pH 7.0, 10 mM MgCl 2 , and 0.01% Brij 35) supplemented with fresh EDTA-free protease inhibitor cocktail (Roche), 1 mM dithiothreitol (DTT), and 5 Ci [␥ 32 P]ATP (3,000 Ci/ mmol, 10 mCi/ml; Perkin Elmer). Endogenous kinase reactions were also carried out under conditions described below for PKC␣ with essentially the same results obtained. In reactions that included kinase inhibitors, the inhibitor was added to the reaction before the substrates. The final concentration of DMSO in each reaction was limited to 1%, as was that of the solvent control. Kinase reaction mixtures were incubated at 37°C for 1 h (1, 18). One half (10 l) of each reaction mixture was loaded on a 1% agarose gel. After electrophoresis, the gel was washed in distilled water (dH 2 O) for several hours to remove free isotope from the gel. The gel was stained with Sypro ruby protein stain (Sigma, Lonza) and destained in 10% methanol, 7% glacial acetic acid. Capsid particles were visualized on a Kodak gel image station. Radiolabeled capsids were subsequently detected by autoradiography following vacuum drying of the gel. Some reactions were also resolved by SDS-PAGE on 15% acrylamide gels and visualized with Sypro ruby staining and autoradiography. Endogenous kinase activities were quantified by phosphorimaging of 32 P capsids on a Bio-Rad FX Pro Plus molecular imager with the QuantityOne 1-D analysis software program. dishes of cells were washed twice in 4 ml phosphate-free DMEM (Invitrogen). Cells were phosphate starved for 6 h in phosphate-free DMEM supplemented with 1ϫ sodium pyruvate (Invitrogen) and 10% dialyzed FBS (HyClone) and then incubated with 100 Ci [ 32 P]orthophosphate (9,000 Ci/mmol, 150 mCi/ml; Perkin Elmer) for 16 h. For experiments including inhibitor treatment, 3 days posttransfection, 35-mm dishes of HEK293T cells were washed twice with phosphate-free DMEM and phosphate starved for 6 h. During the final hour of phosphate starvation, the indicated kinase inhibitor was added. The cells were then incubated with ϳ80 Ci [ 32 P]orthophosphate (9,000 Ci/mmol, 2 mCi/ml; Perkin Elmer) for an additional hour. GST-tagged proteins were purified as described above.
In vitro translation in RRL. DHBc was translated and [ 35 S]methionine labeled in rabbit reticulocyte lysate (RRL), using the pSP64pA-Dcore or pcDNA-Dcore constructs, according to the manufacturer's recommendations (Promega). Translation products were treated with 1 U calf intestinal alkaline phosphatase (CIAP) (New England BioLabs) per l reaction mixture for 16 h at 37°C, mock treated, or left untreated. Where indicated, DHBc was translated in the presence of protein kinase inhibitors. To make the CTD-deleted DHBc (lacking aa 229 to 262) in RRL, pSP64pA-Dcore was linearized at the XmnI site (aa 228) before it was used for in vitro transcription and translation.
RESULTS
HBV capsids made in human hepatoma cells displayed endogenous protein kinase activity that could be blocked by inhibitors of CDKs and phosphorylated the S-P sites in the HBc CTD. We observed phosphorylation of HBV capsids purified from HepG2 cells in an in vitro kinase reaction with no exogenous kinase added ( Fig. 1) , indicating the presence of a kinase associated with the purified capsids, as reported by others using HBV capsids from infected human liver and hepatoma cells (1, 12, 18, 25) . Furthermore, the endogenous kinase activity was associated with the capsids independent of the viral polymerase or pgRNA, since HepG2 capsids made in the absence of polymerase (Pol Ϫ ) and consequently unable to package pgRNA were also phosphorylated (Fig.  1D, lane 1) .
To identify the endogenous kinase(s), we attempted to block the endogenous kinase activity with chemical inhibitors specific for different kinases. We observed a dose-dependent decrease in phosphorylation of capsids, both WT and Pol Ϫ , treated with the broad-spectrum CDK inhibitor roscovitine ( Fig. 1A and B, lanes 5 and 6, and D, lane 2; Table 1 ). Further, a CDK2-specific inhibitor also blocked endogenous kinase activity in a dose-dependent manner (Fig. 1E, lanes 2 to 5) . In contrast, inhibitors against CDK4/6 and CDK9 showed little to no effect on endogenous phosphorylation of HepG2 capsids (Fig. 1A and B, lanes 1 to 4) , nor did any of the multiple inhibitors of PKC tested (Fig. 1F, lanes  2 to 13) .
In order to further narrow down the possible CDK candidates, we tested additional inhibitors specific for CDK7 and CDK8: DRB, H-7, and H-8. We saw no inhibition of endogenous kinase activity by H-7 (Fig. 1C, lanes 2 to 4) even at concentrations 200-fold above the 50% inhibitory concentration (IC 50 ) for CDK8 and more than 20-fold above the IC 50 for CDK7. Similarly, concentrations of H-8 100-fold above the IC 50 for CDK7 and more than 10-fold above the IC 50 for CDK8 showed no effect on the endogenous kinase activity of HepG2 capsids (Fig. 1C, lanes 5 to 7) . Furthermore, concentrations of DRB greater than 15-fold above the IC 50 for CDK7 and CDK8 were also unable to inhibit the endogenous kinase activity of HepG2 capsids (Fig. 1C, lane 8 to  10 ). Taken together, these results suggested that CDK7 or CDK8 The crude capsids were then treated with proteinase K before being subjected to the endogenous kinase reaction. A sample from mock-transfected cells was also included (lane 1). The reactions were resolved on an agarose gel; capsids were visualized by Sypro ruby staining (top panel), and labeling by the endogenous kinase was detected by autoradiography (bottom panel). C, core protein; CA, capsids; PK, proteinase K. was unlikely to be the endogenous kinase. In addition, the lack of effect of H-7 suggested that PKA, PKC, or protein kinase G (PKG) was unlikely to be the endogenous kinase, and the lack of a DRB effect suggested that CKII and CDK9 were unlikely candidates (Table 1 ), in agreement with previous reports (12, 25, 26 ) and the results above obtained with specific PKC inhibitors and the CDK9 inhibitor.
Because relatively high concentrations of both roscovitine and the CDK2 inhibitor, which can inhibit CDK2 as well as CDK1, were necessary to efficiently block endogenous kinase activity, it remained possible that CDK1, in addition to or other than CDK2, was the packaged kinase. Therefore, we tested a specific inhibitor of CDK1, RO-3306, which has an approximately 10-fold greater potency against CDK1 than against CDK2. Increasing concentrations of the CDK1 inhibitor, up to 1,000-fold above the IC 50 for CDK1, effected little decrease in endogenous kinase activity of HepG2 capsids (Fig. 1E , lanes 6 to 9, and G; Table 1 ). The slight inhibition of endogenous kinase activity at the highest concentration of CDK1 inhibitor likely reflected its inhibition of CDK2 at the high concentration. These results thus strongly suggest that CDK2 but not CDK1 was packaged in the capsids. The observed inhibitory effects of the CDK inhibitors (particularly the CDK2 inhibitor) on the endogenous kinase and the lack of inhibitory effects by a variety of other kinase inhibitors at similarly high or much higher concentrations (up to 10,000-fold) relative to their respective IC 50 s (Tables 1 and 2 ) indicated strongly that the observed inhibitory effects were specific. Although excess (100-fold above their IC 50 s or more) roscovitine and CDK2 inhibitor III were needed to show a strong effect on the endogenous kinase, both did start to show inhibitory effects at concentrations ca. 10-fold above their IC 50 s for CDK2. The relatively high concentrations of roscovitine and the CDK2 inhibitor needed to show a strong effect on the endogenous kinase were likely due to the fact that the kinase(s) packaged inside the capsids might not be as accessible as purified kinases, against which the IC 50 s of the various inhibitors are usually measured (Fig. 2) .
In addition, we employed multiple inhibitors against a given kinase (Tables 1 and 2 ) to help exclude off-target effects and multiple batches (and multiple suppliers in some cases; see Materials and Methods) of the same compound to ensure their functionality. To further verify the activities and specificities of the kinase inhibitors used, we performed exogenous kinase assays using [54] CDK1, CDK2/A or/E Ͼ100 M, Ͼ50 M DRB [49, 69] Casein kinase II 6 M No inhibition at 300 M CDK9, CDK7, CDK8 3 M, ϳ20 M, ϳ20 M H-7 [20, 49] PKA, PKC, PKG DCC229 (see Fig. 8 ) as the substrate and tested the relevant inhibitors against purified CDK2 or PKC, the kinase most implicated as an endogenous kinase by previous reports (see the introduction). Both CDK2 inhibitor III and roscovitine inhibited CDK2 activity in a dose-dependent manner, as expected ( Fig. 2A , lanes 2 to 9). Also as expected, none of the PKC inhibitors significantly blocked CDK2 activity ( Fig. 2A , lanes 11 to 26). All the PKC inhibitors, none of which affected endogenous kinase activity, did result in dose-dependent inhibition of PKC␣, whereas CDK2 inhibitor III and roscovitine, which potently suppressed the endogenous kinase, were ineffective against PKC␣ even at high concentrations (Fig. 2B ).
In addition, we also tested the CDK4/6 inhibitor, which was ineffective at inhibiting the endogenous kinase, against purified CDK4 and verified that the inhibitor was active (data not shown).
The endogenous kinase activity seen in our studies and by others (1, 18, 25, 30) could be due to a kinase that either cofractionates with the capsids in the sucrose gradient or is tightly associated with the exterior of the capsid. To test these possibilities, we performed proteinase K digestions of the capsid fractions followed by the endogenous kinase reaction. Proteinase K treatment of a capsid fraction (a less-pure fraction containing appreciable amounts of contaminating proteins was deliberately selected for this purpose) resulted in the loss of the contaminating proteins (the smear above the capsid band) (Fig. 1H , lanes 1 and 2 and 5 and 6 versus lanes 3 and 4 and 7 and 8), verifying the effectiveness of protease digestion. Following the endogenous kinase reaction, the labeled contaminating species were also eliminated by proteinase K, but neither the amount of capsids nor their labeling was affected. These results indicate that the endogenous kinase was indeed protected within the capsid. We were next interested in determining if the endogenous kinase phosphorylated the S-P sites in the HBc CTD. We thus isolated from HepG2 cells HBV capsids, either the WT or the AAA mutant that had the three S residues in the S-P motifs replaced by A residues (see Fig. 5A ), and conducted the endogenous kinase reactions. As shown in Fig. 1I , the AAA mutant capsid (lane 3) showed drastically reduced levels of endogenous kinase activity compared to the WT (lane 2), suggesting that the endogenous kinase phosphorylated mostly the S-P sites in the HBc CTD, although additional sites in HBc might also be weakly phosphorylated.
Detection of the endogenous protein kinase in HBV capsids by anti-CDK2 specific antibody. To determine if a packaged kinase in HBV capsids was indeed CDK2, capsids purified from HepG2 cells by sucrose gradient centrifugation, with or without prior proteinase K digestion, were resolved by SDS-PAGE, and the presence of CDK2 in the capsids was detected by Western blotting using a specific antibody against CDK2 (Fig. 3) . To verify the effectiveness of protease digestion, a capsid-negative fraction and a relatively impure capsid-positive fraction were selected. It was apparent that variable amounts of CDK2 migrated into the sucrose gradient and were detectable in the capsid-negative fraction (lane 5). However, the CDK2 signal in this fraction was completely removed by protease digestion (lane 6). Most of the CDK2 signal in the low-purity capsid fraction, which was evidenced by the cross-reactive bands above the CDK2 signal and total protein staining (not shown), was also eliminated by protease digestion (lane 8 versus lane 7) , suggesting that most of the CDK2 in this relatively impure fraction was simply cofractionating with the capsids or perhaps was associated with the surface of the capsids. Importantly, some CDK2 remained clearly detectable in the fraction containing the capsids (lane 8), in contrast to the capsidnegative fraction (lane 6). Furthermore, with a highly purified capsid fraction (as evidenced by the lack of cross-reactive bands as well as total protein staining [data not shown]), it was clear that virtually all the CDK2 signal associated with the capsids was protected from protease digestion (lanes 9 and 10). Based on comparison with the CDK2 standards, we estimated that ca. 2 ng CDK2 (protected from protease digestion) was detected in ca. 500 ng capsids. Thus, protease-resistant CDK2 was clearly detectable by Western blotting in the HBV capsids, indicating that CDK2 was indeed packaged within HBV capsids, as further suggested by the kinase inhibitor results above.
We also attempted to detect SRPK1 and -2 in the purified HBV capsids under the same conditions described for the detection of CDK2. We were unable to detect any SRPK from the proteinase K-treated capsids (data not shown). However, due to the relatively low sensitivity of the anti-SRPK antibody, a copy number of one kinase per capsid or lower would have escaped detection.
HBV capsids isolated from virions displayed an endogenous protein kinase activity that could also be blocked by CDK inhibitors. To ascertain the relationship between the endogenous kinase activity detected in cytoplasmic HBV capsids and what was detected early on in secreted HBV virions, we purified HBV virions from transfected HepG2 cell culture medium, removed their envelope, and then either mock treated the released capsids or treated them with proteinase K to remove the viral envelope proteins and other contaminants. We then performed endogenous kinase reactions with these virion-derived capsids. Without the proteinase K treatment, the virion-derived capsids did display an endogenous kinase activity that phosphorylated HBc (Fig. 4, lane  1) . However, it was also clear that additional proteins were also being phosphorylated in these reactions, as reported by others (1). These other proteins were mostly removed by the proteinase K digestion (Fig. 4, lane 2) , suggesting that they were outside the capsids. Upon protease treatment, the major protein labeled by the endogenous kinase was the HBc protein (Fig. 4, lane 2) . Notably, the endogenous kinase activity of the virion-derived capsids was also sensitive to the same inhibitors that inhibited the kinase activity detected in the cytoplasmic capsids, including the CDK2 inhibitor and roscovitine (Fig. 4, lane 2 versus lanes 3 and 4) . In contrast, the endogenous kinase in the virions was relatively insensitive to Bisindo, a potent inhibitor of PKC, just as that in the cytoplasmic capsids was (Fig. 4, lane 5) . In addition to HBc, there was another weakly labeled species (ca. 50 kDa) that appeared to be resistant to protease digestion and was not affected by the kinase inhibitors. This species likely represented a contaminating protein that was phosphorylated from outside the capsid but was not completely eliminated by proteinase K, since it disappeared upon more extensive proteinase K digestion (data not shown) and we never detected this species in cytoplasmic capsids. Together, these results suggest that the endogenous kinase activity observed in virion-derived capsid particles was similar if not identical to that seen in cytoplasmic capsids.
Phosphorylation of HBV capsids purified from bacteria by CDK2 in vitro. We next asked if CDK2 could phosphorylate HBV Western blotting. HBV capsids (0.5 g) were digested with proteinase K (PK) agarose beads as described in Materials and Methods. Proteinase K was then inactivated by the addition of the proteinase K inhibitor, and the sample was resolved by SDS-PAGE (lanes 8 and 10), along with the same amount of undigested capsids from the same fractions (lanes 7 and 9). Purified GST-CDK2 standards (lanes 1 to 3) and total lysate from HepG2 cells (lane 4) were loaded as controls for CDK2 detection. A sucrose fraction that did not contain HBV capsids was also treated with the proteinase K agarose beads to ensure that contaminating proteins were removed by the digestion (lane 6) or mock treated (lane 5). The capsids loaded in lanes 9 and 10 were from a capsidpositive sucrose fraction of higher purity than those loaded in lanes 7 and 8. CDK2 was detected by Western blotting using the anti-CDK2 antibody (top panel). HBc was visualized by Sypro ruby staining (bottom panel). C, core protein.
capsids purified from E. coli. CDK2-cyclin E1 was able to phosphorylate the HBV full-length capsids (Fig. 5A, lanes 1 and 4) . Truncated HBV capsids (amino acids 1 to 149; ⌬CTD) lacking the CTD were not phosphorylated by the CDK in vitro (Fig. 5A, lanes  2 and 5) , indicating that phosphorylation occurred on the CTD of full-length HBc. Similarly, PKC␣ and SRPK1 also phosphorylated the full-length and not the truncated HBV capsids (Fig. 5B and C,  lanes 1 and 4 versus lanes 2 and 5) , again suggesting that phosphorylation occurred on the CTD. Furthermore, HBV capsids remained intact after the kinase reaction, migrating as a single distinct species on an agarose gel with the same mobility as unphosphorylated capsids (Fig. 5D, lanes 1 to 4 , and data not shown). These results indicated that the HBc CTD of intact capsids assembled in bacteria was accessible to the exogenous kinases.
Phosphorylation of isolated HBc CTDs by purified CDK2 in vitro. We then tested whether these kinases would preferentially phosphorylate the S-P motifs in the HBc CTD (Fig. 6A) . Therefore, we used the GST-HBc CTD (GST-HCC) fusion proteins, WT and phosphorylation site mutants, that were purified from bacteria and tested the ability of CDK2-cyclin E1, PKC␣, and SRPK1 to phosphorylate the fusion proteins. CDK2 phosphorylated the WT HCC fusion protein more efficiently than the S-P site mutants, although lower levels of phosphorylation were observed on both of the phosphorylation site mutants HCC141-AAA and -EEE (Fig. 6B, top row, lane 6 versus lanes 7 and 8) . These results indicated that this proline-directed kinase could indeed phosphorylate the HBc CTD S-P sites, although it could also phosphorylate, to some extent, non-S-P sites under in vitro conditions. Similar to CDK2, SRPK1 also phosphorylated the WT HCC fusion protein to a greater extent than the phosphorylation site mutants (Fig. 6B , bottom row, lane 6 versus lanes 7 and 8), consistent with the previous report (10) . On the other hand, PKC␣ phosphorylated all of the HCC constructs to a similar extent (Fig. 6B , middle row, lanes 6 to 8), indicating that, unlike CDK2, PKC␣ phosphorylated sites other than the S/T-P motifs.
Inhibition of HBc and DHBc CTD phosphorylation in vivo by CDK inhibitors. To obtain evidence for a role of CDK2 in CTD phosphorylation in vivo, we decided to treat HEK293T cells expressing the HBc or DHBc CTDs with roscovitine and the CDK2 inhibitor. HEK293T cells were chosen for their high transfection efficiency, which made it possible to readily visualize the purified CTDs both by total protein staining and by metabolic labeling. It is also important to note that HEK293T cells support efficient HBV and DHBV RNA packaging and DNA synthesis, and the DHBc CTD S/T-P site mutants display the same phenotypes in these cells as in LMH cells (33, 50, 61) . Furthermore, we found that HBV capsids assembled in HEK293T cells also packaged a host kinase that was sensitive to the CDK2 inhibitor, as in HepG2 cells (data not shown). We thus expressed GST-HCC141, which contains the HBc CTD (141 to 183) fused to GST, or GST alone in HEK293T cells. The proteins were metabolically labeled for 2 h with [ 32 P]orthophosphate, and kinase inhibitors were added during the second hour of labeling. We reasoned that this brief treatment would not cause excessive cytotoxicity or pleiotropic effects even with relatively high inhibitor concentrations but could increase the likelihood of revealing a role for CDK2 in CTD phosphorylation in cells. Indeed, we found that treatment of the cells with either roscovitine or the CDK2 inhibitor clearly decreased HCC phosphorylation (Fig. 7B , lanes 4 to 6) without affecting the HCC protein levels (Fig. 7A, lanes 4 to 6) . Encouraged by these results, we also decided to test the effect of CDK2 inhibition on the phosphorylation in vivo of the DHBc CTD. Thus, we expressed GST-DCC196, which contains the DHBc CTD (196 to 262) fused to GST, in the HEK293T cells and metabolically labeled the protein using the same procedure as we did with the HCC protein above. An advantage of the DCC protein, relative to HCC, for these studies was the fact that DCC196 migrated as several bands (Fig. 7A and B, lane 7) , indicative of Half of each reaction product was resolved by agarose gel electrophoresis to visualize capsid particles (top), and proteinase K inhibitor was added to the other half to terminate the digestion before boiling in SDS sample buffer and resolving by SDS-PAGE to visualize the total core protein (bottom). The gels were dried, and labeled capsids or core proteins were detected by autoradiography. ‫,ء‬ unknown labeled species. CA, capsids; C, core protein; PK, proteinase K; IC, intracellular.
several heterogeneously phosphorylated species at the S/T-P sites, as described earlier (33), which provided a simple means of monitoring in vivo phosphorylation of the DHBc CTD specifically at the S/T-P sites. Roscovitine and the CDK2 inhibitor affected the DCC196 fusion protein similarly in that both treatments caused a downward shift in the migrational heterogeneity, as well as an overall reduction of phosphate labeling. Clearly, the slower, hyperphosphorylated species were decreased after inhibitor treatment as judged by both protein staining and phosphate labeling ( Fig. 7A and B, lanes 8 and 9) . Further, both inhibitors increased the levels of the fastest-migrating, hypo-or unphosphorylated species (Fig. 7A, lanes 8 and 9) . This downward mobility shift of DCC caused by the CDK inhibitors strongly indicated that the inhibitors in fact blocked CTD phosphorylation at the S/T-P sites. Importantly, as observed in the endogenous kinase reactions, the CDK2 inhibitor behaved similarly to roscovitine, suggesting that both inhibitors were targeting the same cellular kinase(s), likely CDK2.
Phosphorylation of isolated DHBc CTDs by purified CDK2 in vitro. The above results indicated that the S/T-P sites in the 183 ) is shown below, with the 3 known phosphorylation sites indicated at amino acid positions S155, S162, and S170. HCC141 contains amino acids 141 to 183 (WT sequences) fused to GST. HCC141-AAA contains the same portion of the HBc CTD with alanine substitutions in the phosphorylation sites (155, 162, and 170). HCC141-EEE contains glutamic acid substitutions at these same sites. Exogenous kinase reactions were carried out using GST-HCC fusion proteins purified from bacteria as substrates with CDK2-cyclin E1, PKC␣, or SRPK1, as indicated (B). The reactions were resolved by SDS-PAGE and visualized with Sypro ruby protein stain (lanes 1 to 4) and autoradiography (lanes 5 to 8). HCC, GST-HCC fusion proteins.
DHBc CTD, like those in the HBc CTD, were subject to phosphorylation in vivo by the host CDK2. To determine if CDK2 could phosphorylate DHBc CTD in vitro, GST-DCC fusion proteins were expressed in and purified from bacteria and subjected to in vitro kinase assays with purified CDK2. These fusion proteins contained either WT sequences or S/T to -A or -D substitutions in the four S/T-P sites (Fig. 8A) . When expressed in mammalian or avian cells or in the RRL, the isolated CTD was found to be phosphorylated (33) , displaying the characteristic heterogeneity in migration similar to that of the full-length protein (4, 33) . The phospho site mutants, DCC229-SSAAAA and DCC229-SSDDDD, retained the SK/SR phosphorylation sites at 230 and 232 and were also phosphorylated in cells but to a much lesser degree and migrated as a single fast species (33) , which suggested that the CTD itself could serve as an appropriate substrate for identifying the kinase(s) that phosphorylates the S/T-P motifs. Therefore, we asked if CDK2 could phosphorylate the GST-DCC fusion proteins purified from bacteria, which are unphosphorylated. When the same GST-DCC constructs purified from bacteria were used in the in vitro reactions with purified kinases, we found that CDK2-cyclin E1 was indeed able to phosphorylate the WT CTDs (Fig. 8B, top row, lane  8) . We observed only minimal labeling of GST itself or DCC196-228, containing the linker region (Fig. 8B, top row, lanes 6 and 7) , both of which contain one S-P motif in GST itself. Interestingly, the in vitro phosphorylated WT fusion protein (Fig. 8B) did not display the characteristic up-shifted, multibanding pattern that was observed when the same fusion protein was expressed and phosphorylated in cells or in the RRL (Fig. 9) (33) . Also, DCC229-SSAAAA and DCC229-SSDDDD showed little to no phosphorylation, indicating that the S/T-P sites but not the upstream SK/SR sites were phosphorylated by CDK2 in vitro (Fig. 8B , top row, lanes 9 and 10), indicating a high degree of selectivity of CDK2 for the S/T-P sites in the DHBc CTD in vitro. Conversely, PKC␣ phosphorylated all of the CTD-containing constructs, with the S/T-P site mutants phosphorylated as efficiently as the WT CTD (Fig.  8B, middle row, lanes 8 to 10) , reminiscent of the results seen with the HCC fusion proteins. Also, the upstream linker region (DCC196-228), containing multiple T residues but no S/T-P motifs, was phosphorylated by PKC␣ to almost the same degree as the downstream phospho domain containing the four S/T-P sites (Fig. 8B, middle row, lane 7) . Thus, although PKC␣ could phosphorylate the DHBc CTD, it did not phosphorylate the S/T-P sites, consistent with the known bias of PKC against S/T-P sites (10, 41) . In addition, we showed that SRPK1 could phosphorylate the DHBc CTD (Fig. 8B, bottom row, lane 8) , as it did the HBc CTD. However, SRPK1 also phosphorylated the DHBc CTD when its S/T-P sites were mutated (Fig. 8B, bottom row, lanes 9 and 10) , indicating that SRPK1 did not display the same level of selectivity as CDK2 for the S/T-P sites.
Phosphorylation of DHBc at the CTD in cell lysate that was blocked by CDK inhibitors. In our attempts to develop a cell-free system to analyze core protein phosphorylation, we noticed that DHBc, when translated in RRL, migrated as two major species, comigrating with the hyperphosphorylated core species expressed in LMH cells (Fig. 9A, lanes 1 and 3, and C, lanes 1 and 2) . The core protein isolated from DHBV virions is known to be completely unphosphorylated (43, 46) and migrates as a single band, faster than those made in RRL (Fig. 9A, lane 2) . The core protein species made in RRL were converted to one major, faster-migrating species, comigrating with the virion core protein, upon CIAP treatment (Fig. 9A, lane 4) . These results thus indicated that a kinase(s) in RRL was able to phosphorylate DHBc. The migration of a CTDtruncated construct was unaffected by CIAP treatment (Fig. 9A,  lanes 6 and 7) , suggesting that phosphorylation (and CIAP dephosphorylation) of the full-length core was occurring at the CTD.
Replacement of S245 and S259 in the S-P motifs with alanine resulted in a change in mobility similar to what was previously shown in LMH cells (68) , indicating that phosphorylation in RRL occurred on these particular sites as in vivo (Fig. 9B, lane 1 versus  lanes 3 and 7, and C, lane 2 versus lanes 3 and 4) . The migration pattern of the S259 mutant was not exactly the same in RRL as in LMH cells. In LMH cells, this mutant produced one fast-migrating species comigrating with the unphosphorylated DHBc. In RRL, it produced three species, but the predominant species also comigrated with unphosphorylated DHBc. This could suggest that S259 phosphorylation may be somewhat different in RRL versus LMH cells. However, the lack of the weak, slower-migrating species of the S259 mutant in LMH cells could also be a reflection of dynamic core dephosphorylation or phosphorylation-associated core conformational changes in the cell that were not completely reproduced in the lysate. Nevertheless, it was clear that S259 was phosphorylated in RRL as in cells. Moreover, substitutions of the adjacent prolines (P246 and P260) with glycines resulted in the same phenotype as the serine (S245 and S259) substitutions, again as reported in vivo (Fig. 9B, lanes 5 and 9) (68) , indicating the importance of the proline in the kinase target motif. Furthermore, as we have recently reported (33) , replacement of all four S/T-P sites or all six phosphorylation sites in DHBc resulted in a mobility shift to a single fast-migrating band in the RRL, and the DHBc CTD by itself was also phosphorylated in the RRL at the S/T-P sites, similar to what we reported in LMH cells (4) .
Additionally, treatment with roscovitine caused a downward mobility shift, suggesting that DHBc phosphorylation in RRL might be mediated by a CDK(s) (Fig. 9D, lanes 7 to 10, and B, lanes  2, 4, 6, 8 , and 10), consistent with the results above obtained in cells and with purified kinases. To help further identify the kinase(s) in RRL that mediated core phosphorylation, we tested the ability of a panel of different kinase inhibitors to block the phosphorylation of DHBc. Other than roscovitine, only olomoucine (Fig. 9B, lanes 11 to 14) , another CDK inhibitor, was able to induce a dose-dependent, downward shift in core protein mobility, signifying a decrease in the hyperphosphorylated species and a corresponding increase in the hypophosphorylated or nonphosphorylated species. We also tested the CDK2-specific inhibitor (as suggested by results obtained above in the cells, with purified kinases, and with the HBV endogenous kinase reaction) and observed a dose-dependent, downward shift in core protein mobility (Fig. 9E, lanes 2 to 5) , similar to what was observed with roscovitine (Fig. 9E, lanes 6 to 9) . It was not surprising that high concentrations of roscovitine, olomoucine, or CDK2 inhibitor III were needed to show a strong effect on DHBc phosphorylation in the RRL, since these inhibitors are competitive with respect to ATP, which is present in the RRL translation reaction at 5 mM to facilitate translation (Promega). None of the other inhibitors tested, including inhibitors of PKC, PKA, and CKII, showed any effect on the mobility of DHBc at concentrations 100-to 1,000-fold above the respective IC 50 or K i (Fig. 9D) .
DISCUSSION
In this study, we have provided multiple lines of evidence, employing purified kinases, cell lysate, and living cells as sources of host kinases, a large panel of kinase inhibitors, and specific CTD phospho site mutants, that cellular CDK2 can carry out the phosphorylation of the HBc and DHBc proteins in vitro and in vivo, specifically at the S/T-P sites within the CTD that are critical for viral replication. First, a broad-spectrum CDK inhibitor and a specific CDK2 inhibitor blocked the endogenous kinase activity of HBV capsids purified from human cells, which we showed to phosphorylate the S-P sites in the HBc CTD. Second, we have obtained direct evidence that CDK2 could be detected within purified capsids by immunoblot analysis. Third, we have shown here that full-length but not CTD-deleted HBc made in E. coli and fusion proteins containing the HBc and DHBc CTD could be phosphorylated by purified CDK2. Fourth, the sites of CDK2 phosphorylation in the purified system were shown to be the S/T-P motifs in the CTD. Finally, chemical inhibitors against CDK2 inhibited HBc and DHBc CTD phosphorylation in living cells and could block the phosphorylation of full-length DHBc at the S/T-P sites of its CTD in mammalian cell lysate.
CDK1 (CDC2) has been suggested, based on the sequence motif, to phosphorylate the HBc CTD (67) and a T-P site in the N-terminal assembly domain of DHBc (3). On the other hand, one previous report argued against a role of CDK1 or CDK2 because depletion of CDK1 and CDK2 from cell lysate did not affect HBc phosphorylation in vitro (10) . However, it is clear that sufficient amounts of CDK activity remained in the depleted lysate to detectably phosphorylate histone H1, and therefore it was possible that the residual CDK1 or CDK2 activity remaining after depletion might have been sufficient for the HBc phosphorylation observed. Alternatively, a CDK(s) other than CDK1 or CDK2 in the cell lysate might have substituted for CDK1 or CDK2 in phosphorylating HBc. The consistent findings reported here using the different in vitro and in vivo systems in support of a role for CDK, particularly CDK2, in phosphorylating the CTD in the cell are also in accord with reported evidence suggesting the HBV replication requires the host hepatocytes to exit from quiescence (G 0 ) but then stall in the G 1 phase (with no entry into S) of the cell cycle (5, 16, 17, 42) and the fact that CDK2 is selectively active in G 1 and may be activated during HBV replication (5, 6, 38, 53) .
Consistent with the findings obtained using purified CDK2, cell lysate, and living cells in combination with CDK inhibitors, our results obtained using a large panel of kinase inhibitors in the context of the endogenous kinase assay also strongly suggest that a CDK(s), particularly CDK2, is a major capsid-associated kinase. The lack of effect by inhibitors of other CDKs, including CDK4/6, -7, -8, and -9, and of PKC, PKA, and CKII made the dose-dependent inhibition of the endogenous kinase by the CDK2 inhibitor all the more remarkable. The specificity of the endogenous kinase for the S-P sites in the HBc CTD, as demonstrated for the first time here, is also consistent with the identification of the endogenous kinase as a proline-directed kinase. Again, the incorporation of CDK2 into capsids is consistent with the notion that HBV replication requires the host cells to be in G 1 and may be associated with CDK2 activation, as discussed above. All these results, along with the detection of CDK2 in the HBV capsids directly by the anti-CDK2 antibody, indicate that CDK2 represents at least one of the major endogenous kinases in the capsids.
We note that our evidence for a role of CDK2 in phosphorylating HBc and DHBc CTDs at the S/T-P sites in vitro and in vivo and for its incorporation into HBV capsids assembled in human cells does not rule out the involvement of other cellular kinases in CTD or core protein phosphorylation or their incorporation into the capsids. Indeed, the SK/SR motif of the DHBc CTD (43) likely requires a kinase other than CDKs given the strong preference of CDKs for a P downstream of the S/T sites. Also, we have found that Erk2, a member of the mitogen-activated protein kinase (MAPK) family, the other major group of proline-directed kinases (35, 44) besides CDKs, could phosphorylate the S/T-P sites in the CTD in vitro (L. Ludgate and J. Hu, unpublished results), although its role in CTD phosphorylation in vivo or relationship to the endogenous kinase remains to be determined. On the other hand, although we could confirm that purified PKC␣ is able to phosphorylate the HBc (and DHBc) CTD, our results indicate that PKC is unlikely to be responsible for phosphorylating the S/T-P sites or to represent a major endogenous kinase packaged in the HBV capsids. In addition, although we and others (10) could show that SRPK can phosphorylate HBc in vitro and we have also shown here that SRPK could phosphorylate the DHBc CTD in vitro, there has been no evidence to date to indicate that SRPK is packaged into HBV capsids or is responsible for phosphorylating the CTD in vivo. However, the lack of well-characterized and commercially available SRPK-specific inhibitors and the relatively low sensitivity of the currently available SRPK antibodies do not allow a clear resolution of these issues at present.
Interestingly, in vitro phosphorylation of the GST-DCC fusion proteins at the S/T-P sites by purified CDK2 did not produce the migrational heterogeneity as detected by SDS-PAGE, which is characteristic of the same fusion constructs phosphorylated in cells or in the cell lysate and of the full-length core protein phos-phorylated at the CTD S/T-P motifs in cell lysate or in cells (4, 33, 68) . Thus, phosphorylation of the S/T-P sites per se is not sufficient to induce the conformational changes in the CTD that are thought to be responsible for the distinct mobility changes associated with CTD phosphorylation. The possibility thus arises that another host function, distinct from the kinase(s), is required to mediate these conformational changes, which may in turn be necessary for phosphorylation-dependent roles of the core protein in viral replication. Alternatively, we cannot exclude the possibility that the combination of the CTD sites phosphorylated by the purified kinases was not entirely the same as that in the cell or the cell lysate.
We have shown here that unphosphorylated HBV capsids made in E. coli, which package RNA nonspecifically, could be phosphorylated at their CTDs by exogenous kinases, indicating that their CTDs were at least partially accessible on the outside of these capsids. On the other hand, it has been reported recently that empty, but not RNA-containing, HBV capsids expose their CTDs to allow the binding of SRPK, as visualized by cryo-electron microscopy (8) . Together, these results suggest that the CTD of the RNA-containing HBV capsids may also be exposed but only transiently or at low frequency such that it can be detected by 32 P labeling in the exogenous kinase reaction (highly sensitive) but not by methods that require stable or high-frequency CTD exposure.
It remains to be determined how CDK2 or any other host kinase gets packaged into the HBV capsids. Our results here indicate that neither the viral RT, pgRNA, nor any hepatocyte-specific host factor is required for kinase packaging and fit well with previous reports of endogenous kinase activity observed in recombinant HBV capsids made in insect cells and in empty core particles from infected livers (1, 18, 30) . These results thus suggest that the core protein alone may be able to capture and package the host kinase(s). The most straightforward explanation would be that the assembling capsid captures the kinase that is specifically interacting with, and phosphorylating, the core subunits, perhaps reflecting rapid capsid assembly while core phosphorylation is taking place. Our finding that the endogenous kinase may be the same as or related to the kinase that phosphorylates the CTD is consistent with this notion. The estimated one-copy-CDK2-per-capsid stoichiometry further suggests that the packaging of one CDK2 molecule may prevent further CDK2 packaging. However, other possibilities exist and remain to be explored.
Due to the long interval (many hours to days) between core phosphorylation and any measurable levels of viral RNA packaging and DNA synthesis, it would be difficult to directly test the effects of kinase inhibitors on viral replication in cells. Not only does kinase redundancy have to be considered, but also cytotoxicity and potentially pleiotropic effects of kinase inhibition over an extended period of time in vivo could obscure its specific effects on viral replication. Indeed, our efforts so far to demonstrate directly a role of CDK2 in HBV replication in vivo have been hampered by these complications. However, the known importance of the CTD S/T-P site phosphorylation in HBV and DHBV RNA packaging and DNA synthesis strongly suggests that a CDK (particularly CDK2) is an important host factor that is required for viral replication. Establishment of cell-free systems that can recapitulate aspects of hepadnavirus RNA packaging and/or DNA synthesis that are regulated by CTD phosphorylation would facilitate future efforts to determine directly if CDKs or other cellular kinases play a functional role in viral replication.
